The maintenance of energetically costly flagella by bacteria in non-water-saturated media, such as soil, still presents an evolutionary conundrum. Potential explanations have focused on rare flooding events allowing dispersal. Such scenarios, however, overlook bacterial dispersal along mycelia as a possible transport mechanism in soils. The hypothesis tested in this study is that dispersal along fungal hyphae may lead to an increase in the fitness of flagellated bacteria and thus offer an alternative explanation for the maintenance of flagella even in unsaturated soils. Dispersal along fungal hyphae was shown for a diverse array of motile bacteria. To measure the fitness effect of dispersal, additional experiments were conducted in a model system mimicking limited dispersal, using Pseudomonas putida KT2440 and its nonflagellated (⌬fliM) isogenic mutant in the absence or presence of Morchella crassipes mycelia. In the absence of the fungus, flagellar motility was beneficial solely under conditions of water saturation allowing dispersal, while under conditions limiting dispersal, the nonflagellated mutant exhibited a higher level of fitness than the wild-type strain. In contrast, in the presence of a mycelial network under conditions limiting dispersal, the flagellated strain was able to disperse using the mycelial network and had a higher level of fitness than the mutant. On the basis of these results, we propose that the benefit of mycelium-associated dispersal helps explain the persistence of flagellar motility in non-water-saturated environments.
M
any soil bacteria have flagella (1) . However, the role of these flagella for bacteria living in non-water-saturated media, such as soils, is not yet well understood (2) (3) (4) (5) . In the majority of soils, the thinness and patchiness of the liquid films restricts the dispersal of individual cells or populations on a microscopic scale (4) . Indeed, flagellum-driven swimming requires bacterial cells to be fully immersed in liquid in order to avoid capillary pinning forces acting at the liquid-air interface (3, 5) . Swarming, another type of bacterial motility for which flagella are required (6) , is also restricted to a narrow range of wet conditions (2) . Thus, flagellated bacteria would be expected to swim or to swarm only during saturation events, which are often short and sporadic (3) , raising doubts as to the evolutionary advantage of maintaining the energetically costly flagella (7) .
A recent study proposes that rare events of water saturation in soil yield a fitness advantage to flagellated strains through improved dispersal and hence access to novel resources (3) . This advantage could theoretically suffice to explain the maintenance of flagella. However, to test this argument further, it would be necessary to investigate how often different soils are water saturated under natural conditions. Here we tested an alternative explanation for the persistence of flagella in soil bacteria that is based on the recent discovery that bacteria can disperse along fungal hyphae, which are thus used as "fungal highways" (8) (9) (10) (11) (12) . Since hyphae from most filamentous organisms can grow through air (13, 14) , the liquid film that can be present around hyphae allows bacteria to disperse over air-filled soil pores (9, 12) , which are typically found in unsaturated soils.
The characterization of this dispersal mechanism carried out so far has indicated that hyphae with hydrophilic surface areas act as effective bacterial dispersal networks, i.e., allow for a liquid film for effective flagellar motility (9) . In addition to flagellar motility, other features of migrating bacteria have been suggested, such as the ability to metabolize fungal exudates or the presence of molecular markers for a type III secretion system (8, 9, 12, (15) (16) (17) (18) .
An important consideration for the theory of mycelium-promoted dispersal to explain the maintenance of flagella is the ecological relevance of this mechanism. Mycelia are highly abundant in most soils, with estimates of a mycelial network that represents as much as 100 to 700 m per g of soil (9, 19) . Thus, the naturally available fungal network could offer flagellated bacteria a permanent option for active migration. If so, the advantage of fungusassociated dispersal would help to explain the maintenance of flagella by soil bacteria. Soils are physically challenging due to their opaque nature and their physical and chemical heterogeneity (20) . Therefore, alternative models, such as the porous-surface model, have been used to simulate water conditions in soils (3, 21) . Alternatively, culture plates with different agar concentrations simulate different hydration levels affecting bacterial dispersal and are used routinely to measure bacterial motility (15, 22) or even the evolution of cooperation in bacteria (23) . Using petri dishes with variable agar concentrations, we tested whether bacterial dispersal associated with mycelial networks makes flagellar motility beneficial under conditions where swimming is otherwise impossible. We first showed flagellum-driven dispersal along mycelial networks for a wide range of motile bacteria, demonstrating the relevance of this dispersal mechanism. Then we measured the growth of Pseudomonas putida KT2440, a typical soil bacterium, and its nonflagellated mutant either alone or in direct competition under different saturation conditions. We repeated the experiments in agar plates previously inoculated with the saprophytic and mycorrhizal fun-gus Morchella crassipes. Because fungi can actively interact with bacteria (for example, through the secretion of exudates), in a final experiment we used glass fibers as an abiotic dispersal network instead of the fungus.
MATERIALS AND METHODS

Strains.
A suite of bacteria tagged constitutively with fluorescent proteins was selected for the migration experiments. Tagging with fluorescent proteins allows a rapid, nondestructive assessment of mycelium colonization and bacterial migration by epifluorescent binocular observation. The tagged bacteria included Pseudomonas azelaica HBP1, Pseudomonas knackmussii B13, Sphingomonas wittichii RW1, and Cupriavidus necator JMP289, kindly provided by Jan van der Meer (University of Lausanne). Finally, the untagged bacteria Pseudomonas aeruginosa NEU1023, Cupriavidus oxalaticus NEU1047, Escherichia coli K-12, and Bacillus subtilis NEU1, from the culture collection of the Laboratory of Microbiology of the University of Neuchâtel, were also included. In addition, Pseudomonas putida KT2440, a flagellated bacterium isolated from the rhizosphere (24) , and its ⌬fliM nonflagellated mutant were used for specific experiments to assess the effect of flagellar motility on fitness. The ⌬fliM nonflagellated mutant was obtained by allelic exchange with a truncated version of fliM and is an antibiotic resistance-free mutant. Both strains were tagged by inserting a constitutively expressed fluorescent-protein-encoding gene at a neutral position of the genome; the gfp gene was inserted into the wildtype strain, and the DsRed gene was inserted into the nonflagellated mutant (3). These strains were kindly provided by Arnaud Dechesne (Technical University of Denmark). The growth parameters of the two strains under different conditions are given in Table S1 in the supplemental material.
The saprophytic and mycorrhizal fungus Morchella crassipes was isolated from soil. This strain was affiliated with the species Morchella crassipes based on the internal transcribed spacer 1 (ITS 1) and ITS 2 sequences and on phenotypic observations (25) . M. crassipes hyphae have a diameter of 4.5 to 7.5 m.
Media and culture conditions. Nutrient agar (NA) medium (Biolife, Italy) was used for the regular maintenance of the bacterial cultures. Malt extract (Mycotec, Switzerland) was used for the culture of M. crassipes. The latter medium was also used as the substrate for all the experiments, because it allowed the rapid growth of M. crassipes, as well as the growth and dispersal of P. putida. The agar used was agar-agar (Merck, Germany). The medium was poured at 60°C into small petri dishes (diameter, 50 mm). The dishes contained 8 ml of the medium. Because the drying period of the agar has a strong influence on bacterial dispersal (22) , after pouring, the plates were dried for 15 min under a constant laminar flow (470 m 3 h Ϫ1 ) and were inoculated immediately thereafter. Plates were then wrapped with Parafilm and Saran Wrap to prevent dehydration (26) . The experiments were conducted at 21°C. Four agar concentrations, ranging from 0.3 to 1.5%, were used. In agar concentrations up to 0.3%, swimming is possible (27) . At 0.5% agar, Pseudomonas putida KT2440 exhibits a swarming-like motility (28) . Above 0.5% agar, the liquid film over the agar medium is too thin for swimming or swarming (2, 3, 29, 30) , so these concentrations were considered in this study to constitute a condition mimicking limited dispersal in soil (Fig. 1) .
Agar plates containing a dispersal network (1% and 1.5% agar) were prepared as described above with few modifications. To grow the fungus, we inoculated a plug obtained from the edge of a 5-day-old culture by using the wider end of a glass Pasteur pipette as a device with which to inoculate a regular amount of mycelium. The plug (a cylinder with a diameter of 5 mm and a height of 5 mm) was placed in the center of the plate and was removed after the fungus had colonized the entire plate (2 days). Bacteria were inoculated after the removal of the inoculation plug (Fig. 1B) . In addition to the fungal mycelial network, glass fibers (ColeParmer, USA) with a diameter of approximately 8 m were used as an abiotic network mimicking the fungal mycelia, as has been done in previous studies (15) . For the abiotic network, ca. 40 fibers (approximately 2 cm long) were placed randomly in the plate. To maintain conditions as similar as possible, bacteria placed on an abiotic network were also inoculated 2 days after the medium was poured.
Motility assays. One bacterial colony from an overnight culture (in NA) was inoculated into the center of a petri dish. The medium was either the swimming or the swarming medium as described previously (26) . The mean diameter reached after 40 h was then measured in four plates. For direct observation of flagella, the bacterial strains were stained as described previously (31) and were observed under a light microscope.
Analysis of bacterial dispersal. Bacterial dispersal was measured as the diameter reached by bacterial colonies after incubation in malt agar medium. To determine the diameter, bacterial colonies were observed directly after 40 h of incubation by using an epifluorescence stereomicroscope (Nikon SMZ1000) in four replicates for each agar concentration. Samples of agar from inside and outside of the observed colonized area were repicked to confirm the limits of the growing colony. Individual measurements were taken for the wild-type and ⌬fliM mutant strains inoculated separately into media with agar concentrations from 0.3 to 1.5%. The same experiment was conducted with a preexisting dispersal network of either M. crassipes or glass fibers on 1 or 1.5% agar. The bacterial inoculum was prepared from an overnight culture grown on nutrient agar and suspended in a saline solution. Prior to inoculation, the solution was adjusted to obtain a density close to 7 ϫ 10 4 cells l Ϫ1 . Three microliters of this suspension was used as the sole inoculum in the center of the plate. The small volume of inoculum prevented the passive spreading of bacteria with the liquid droplet.
Dispersal to the single-cell level was assessed by observing samples by confocal laser scanning microscopy (CLSM). CLSM observations were performed with a TCS SP5X system (Leica) attached to an upright microscope equipped with a 63ϫ (numerical aperture, 1.2) water immersion objective. Excitation was performed with a white laser line at 488 nm for green fluorescent protein (GFP) (80% light intensity) and 557 nm for DsRed (50% light intensity), and emission signals were detected at 500 to 550 nm (GFP) and 575 to 625 nm (DsRed). The transmission channel was used to visualize fungal hyphae in a nonconfocal mode.
Determination of relative fitness. For analysis of relative fitness, the two bacterial strains were coinoculated at a ratio of Ϸ1:1 (3 l of a suspension with 3.5 ϫ 10 4 cells of each strain l
Ϫ1
). The diameter of the area colonized by each bacterial strain was measured before the faster-dispersing strain reached the edge of the petri dish (40 h in the biotic network and 20 h in the abiotic network). The diameter was measured as described above using the different fluorescence labels for each strain (GFP for the wild type and DsRed for the nonflagellated mutant). The confirmation of the colonized area for each strain was obtained after repicking, plating, and observation of the respective fluorescence of individual colonies under the epifluorescence stereomicroscope.
To measure the fitness of the wild-type strain relative to that of the nonflagellated mutant, specific plates prepared as described above were sacrificed entirely by intense washing with a saline solution (0.9% [wt/vol] NaCl). Total-cell numbers for each type of strain in the suspension obtained were determined by counting green and red CFU, with a detection threshold of Ϸ10 cells/sample. Counting was carried out in five independent replicates. The numbers of colonies corresponding to the wild-type and mutant strains were established by observation of the respective fluorescence (GFP for the wild type and DsRed for the nonflagellated mutant) under the epifluorescence stereomicroscope. In solid medium with or without mycelia, CFU counting was carried out after 40 h. For experiments with fibers, CFU counting was carried out after 24 h. Since the results of different treatments were not compared, the difference in incubation time was not taken into account for the analysis of the results.
The fitness of the wild-type strain (x) relative to that of the mutant strain (y) was calculated according to reference 32, as ln(x F /x 0 )/ln(y F /y 0 ), where x 0 and y 0 are the initial densities and x F and y F are the final densities at the end of the experiment.
Statistical analysis. One-sample t tests were used to determine whether relative fitness (W) was significantly different from 1. W data sets met the normality criterion. Two-sample t tests were used to confirm the one-sample t tests using red and green CFU data (after log transformation for compliance with the normality assumption) to perform paired t tests on CFU counting. The results (t statistics and P values) from the two tests led to the same degree of significance. Likewise, we compared the t tests to a test of proportion (i.e., testing for a proportion different from 1 green CFU/1 red CFU), which has better statistical power for the same number of samples. The results (in terms of significance) were similar. Two-sample t tests were used to compare the diameters reached by the two strains in the competition experiment.
RESULTS
Dispersal of flagellated bacteria on fungal hyphae.
On the basis of previous findings by Kohlmeier et al. (9) , a broad selection of environmental bacteria were tested for their abilities to disperse along the hyphae of the model organism (M. crassipes) used in this study. The tests were carried out under limited-dispersal conditions (1.5% agar). The bacterial species selected corresponded mainly to soil or rhizospheric bacteria but also included a bacterium isolated from a wastewater treatment plant (Pseudomonas azelaica HBP1) and a human commensal (Escherichia coli K-12). Two of the 11 strains did not produce flagella and accordingly did not spread in swimming or swarming media after 40 h (Table 1) . Except for Cupriavidus necator JMP289 and Cupriavidus oxalaticus NEU1047, all the flagellated bacteria dispersed in the swimming medium. Pseudomonas aeruginosa NEU1023, C. necator JMP289, and Bacillus subtilis NEU1 were able to disperse in the swarming medium. The majority of strains that had flagella and that could disperse in swimming and swarming media were able to disperse on the mycelium of M. crassipes or on glass fibers. The sole exception was E. coli K-12, which could not disperse on fungal hyphae but could disperse on glass fibers.
Cost of flagellar motility under limited-dispersal conditions. In order to test the hypothesis that dispersal along fungal hyphae may lead to an increase in the fitness of flagellated bacteria, two strains of P. putida, a wild-type flagellated strain and an isogenic nonflagellated (⌬fliM) mutant, were used. Flagellar motility allowed the wild-type strain to disperse in swimming (0.3%) and swarming (0.5%) malt agar, while for the nonflagellated mutant, dispersal was reduced (Fig. 1A) . Motility had an effect on the area colonized by the bacteria growing on a petri dish (Fig. 2B) . When the concentration of agar was increased to restrict dispersal (1% and 1.5%), however, the area colonized by the nonflagellated mutant was larger than the area colonized by the wild-type strain (Fig.  2C) . Comparison of the colonized areas and the relative abundances of the strains showed that flagellar motility was beneficial in terms of dispersal (by two-sample t tests for 0.3% and 0.5% agar; n [replicates], 8 for each test; P, Ͻ10 Ϫ3 ) and fitness (by onesample t tests for 0 to 0.5% agar; n, 10 for each test; W, Ͼ1; P, Ͻ0.02) only for agar concentrations lower than 0.5% (Table 2 ). In contrast, for agar concentrations higher than 0.5%, the absence of flagella allowed the ⌬fliM mutant to spread faster than the wild type and to colonize a larger area (by two-sample t tests for 1.0% and 1.5% agar; n, 8 for each test; P, Ͻ10 Ϫ3 ) ( Table 2) . Under these conditions, the nonflagellated mutant outgrew the wild type and had greater fitness (by one-sample t tests for 1.0% and 1.5% agar; n, 10 for each test; W, Ͻ1; P, Ͻ0.05).
Benefit of flagellar motility in the presence of fungal hyphae. The effects of a mycelial network on dispersal and fitness were measured for the agar concentrations that limit dispersal (i.e., 1 and 1.5% agar). Under such conditions, the flagellated strain was able to migrate rapidly as single cells along fungal hyphae, while the nonflagellated mutant could not ( Fig. 3 ; see also videos in the supplemental material). Consequently, for the nonflagellated mutant strain, there was no significant difference between the colony diameters in the absence and presence of fungal hyphae (by twosample t tests for 1.0% and 1.5% agar; n, 8 for each test; P, Ͼ0.05) ( Table 2 ). In contrast, the spread of the flagellated strain was significantly higher in the presence than in the absence of fungal hyphae (by two-sample t tests for 1.0% and 1.5% agar; n, 8 for each test; P, Ͻ0.001) ( Table 2) . Moreover, if the two strains were coinoculated, the wild type outgrew the nonflagellated mutant in the a Dispersal was assessed using the colony diameter. Fitness was calculated based on the relative abundances, as measured by CFU counting, of the flagellated and nonflagellated strains, according to Kerr et al. (14) . For the fitness calculation, the initial abundances were 30,250 and 45,150 CFU for the flagellated and nonflagellated strains, respectively.
presence of fungal hyphae, causing a reversal in relative fitness: flagellated bacteria became more abundant and fit than the mutant (by one-sample t tests for 1.0% and 1.5% agar; n, 10 for each test; W, Ͼ1; P, Ͻ0.01) ( Table 2) . Flagellated bacteria also migrated rapidly along an abiotic network composed of glass fibers, and colonies reached diameters close to 4 cm ( Table 2) . Like fungi, the abiotic network provided an important dispersal gain (by two-sample t tests for 1.0% and 1.5% agar; n, 8 for each test; P, Ͻ10 Ϫ3 ) ( Table 2 ) and made flagellar motility beneficial in terms of relative fitness (by one-sample t tests for 1.0% and 1.5% agar; n, 10 for each test; W, Ͼ1; P, Ͻ0.01) ( Table 2) .
DISCUSSION
Our experiments demonstrate that the presence of a dispersal network, such as fungal mycelia or glass fibers, renders flagellar motility beneficial under conditions that limit the dispersal of microbes, such as environments of low water potential or discontinuous water films. The results also show that swimming along mycelia is common to a diverse set of flagellated soil bacteria. We thereby confirmed earlier studies showing that the formation of flagella by P. putida may constitute a burden that affects its fitness relative to that of an isogenic mutant lacking flagellum formation under conditions of limited dispersal (3). Indeed, it has been observed that genes involved in the synthesis of flagella in P. putida KT2440 are upregulated under water conditions in which flagellar dispersal is impossible, probably raising the energetic cost of flagella under conditions where they are of no apparent use (33) . Therefore, losing the flagellum would be beneficial for this typical soil bacterium. However, the increased dispersal and concomitant fitness of flagellated bacteria in the presence of dispersal networks may compensate for this energetic disadvantage. In the presence of fungal hyphae, the fitness (W) and dispersal (D) gains of the flagellated wild-type strain make flagellar motility beneficial under environmental conditions that impair free swimming. We also show that glass fibers mimicking the mycelial network provide the same benefits, suggesting that purely physicochemical properties can explain the migration and fitness gain of flagellated bacteria.
Much as our results offer an evolutionary explanation for the maintenance of flagellar motility in soils, they also affect the current model of bacterial dispersal in non-water-saturated media. These models predict that bacteria can disperse only under a narrow range of water-saturated conditions (2-5); however, our results suggest that bacteria can disperse under a broader range of water conditions when they can migrate on dispersal networks such as fungal mycelia. Consequently, these results indicate that bacterial dispersion in soil is probably less static than was supposed previously. Also, a recent study has shown the importance of conditional dispersal based on resource availability in bacterial dispersal models (34) . Thus, a combination of conditional dispersal, chemotaxis, and the fitness advantage of flagellar motility in networks should be taken into account in order to obtain morerealistic models of bacterial dispersal in soils.
Interestingly, our results showed the dispersal of bacteria from the point of inoculation, along the preformed networks (fungal hyphae or glass fibers). Structured dispersal is known to affect local relatedness coefficients (35) , which, in turn, affect the behavior of communities, but this had not yet been addressed in studies on fungus-driven bacterial dispersal. The consequences of the resulting population structure for cooperative versus competitive interactions (23, 36) need to be studied in more detail in the future. Likewise, the role of flagella in other cellular processes that might affect fitness in soils, such as biofilm formation and cellsurface (37) or cell-cell interactions, cannot be ignored for a comprehensive evaluation of the evolutionary role of flagellar persistence in soil bacteria.
Although our experimental model is a mimic of real dispersal, considering the extent of the already existing fungal network potentially available for bacterial migration (as much as 100 to 700 m · g of dry soil Ϫ1 (9, 19) , it is unlikely that this dispersal mechanism is irrelevant. As expected from previous reports in the literature (9-12), fungus-driven bacterial dispersal was confirmed for a set of bacterial species (Table 1) . Thus, the facilitated dispersal of flagellated bacteria in media that limit dispersal is clearly not restricted to M. crassipes and P. putida. The importance of fungi on the evolution and selection of soil bacteria has been suggested in the past (38, 39) . Here we propose a novel role for fungi as an important evolutionary force affecting bacterial fitness and dispersal that can have a strong influence on processes determining bacterial colonization, activity, and biodiversity. 
